The Southern Hemisphere Westerly Winds (SWW) constitute an important zonal circulation that influences large-scale precipitation patterns and ocean circulation. Variations in their intensity and latitudinal position have been suggested to exert a strong influence on the CO 2 budget in the Southern Ocean, thus making them a potential factor affecting the global climate. In the present study, the possible influence of solar forcing on SWW variability during the Holocene is addressed. It is shown that a high-resolution iron record from the Chilean continental slope (41 • S), which is interpreted to reflect changes in the position of the SWW, is significantly correlated with reconstructed solar activity during the past 3000 years. In addition, solar sensitivity experiments with a comprehensive global climate model (CCSM3) were carried out to study the response of SWW to solar variability. Taken together, the proxy and model results suggest that centennial-scale periods of lower (higher) solar activity caused equatorward (southward) shifts of the annual mean SWW.
Introduction
The Southern Hemisphere Westerly Winds (SWW) constitute an important zonal circulation system that dominates the dynamics of Southern Hemisphere mid-latitude climate (e.g. Thresher, 2002; Shulmeister et al., 2004) . Furthermore, they may influence the global ocean circulation through winddriven upwelling of deep water in the Southern Ocean (Toggweiler and Samuels, 1995; Kuhlbrodt et al., 2007; Sijp and England, 2009 ) and through the impact on the IndianAtlantic Ocean water exchange by Agulhas leakage (Sijp and Correspondence to: V. Varma (vvarma@marum.de) England, 2009; Biastoch et al., 2009) . The significance of the SWW in the global climate system through their influence on the CO 2 budget in the Southern Ocean has been discussed controversially (Toggweiler et al., 2006; Menviel et al., 2008; Tschumi et al., 2008; Anderson et al., 2009) . Accordingly, understanding the variability and the impact of various forcings on the SWW remains a significant area of investigation.
Earlier studies have provided evidence for an equatorward displacement of the northern SWW margin during glacial periods (Lamy et al., 2004; Kaiser et al., 2005) . Toggweiler et al. (2006) postulated feedback mechanisms involving the Southern Ocean CO 2 air-sea gas exchanges, global temperature and position of SWW, whereby cooler climates would correspond to a more equatorward location of the SWW. Driving mechanisms and dynamics behind the variability in SWW are still unclear. During the Holocene, changes in seasonal insolation might have caused long-term variations in the structure, position and intensity of the SWW (Markgraf et al., 1992; Lamy et al., 2001; Jenny et al., 2003; Lamy et al., 2010) .
Another significant forcing that influences climate on decadal to millennial time-scales is solar activity (e.g. Haigh, 1996; Cubasch et al., 1997; Bond et al., 2001; Versteegh, 2005; Spangehl et al., 2010) , which could also be a potential driver for SWW variability. Van Geel et al. (2000) proposed solar activity as one of the possible factors for a shift in atmospheric circulation during the late Holocene around 2700 yr BP. The abrupt decrease in solar activity during this period might have acted as a trigger for the glacier advancement towards the equator due to an equatorward shift of climatic zones along with the SWW ( Van Geel et al., 2000) . Solar-induced changes in stratospheric ozone through enhanced variability in the ultraviolet part of the solar spectrum were a postulated factor for shifting the SWW by influencing the tropospheric subtropical westerly jet through dynamical coupling between the atmospheric layers (Haigh, 1996) . Fig. 1 . Long-term climatological distribution of precipitation over land and 1000 hPa zonal wind over oceans in the region of marine sediment core GeoB3313-1 located at 41 • S, 74.45 • W (red dot) for (a) austral summer (December/January/February) and (b) austral winter (June/July/August). During summer, the winds are more confined towards the south, resulting in decreased precipitation over the catchment represented by the core. During winter, surface winds (shown in grey shades) move towards the north, resulting in enhanced precipitation (shown in bluish shades) over the catchment represented by the core. Data: University of Delaware precipitation (http://climate.geog.udel. edu/ ∼ climate/), NCEP-NCAR reanalysis winds (Kalnay et al., 1996) .
The potential role of solar forcing in Southern Hemisphere mid-latitude climate variability on the quasi-decadal timescale has been investigated by Thresher (2002) , using observational data from the instrumental period. For longer timescales, the study of proxy data from natural archives is necessary. Here, we investigate the influence of centennialscale total solar irradiance (TSI) variations on the SWW using proxy data from the late Holocene in combination with sensitivity experiments, employing a state-of-the-art comprehensive global climate model. The results will lead us to the suggestion that equatorward (southward) shifts of the annual mean SWW occurred during centennial-scale periods of lower (higher) solar activity.
Hints of solar-forced SWW shifts in a marine sediment core
The mid-latitudes of Chile exhibit an extreme north-south precipitation gradient controlled by the latitudinal position of the SWW. Furthermore, local correlation analyses have shown that, in central and southern Chile, rainfall on the western side of the Andes is almost entirely determined by the westerlies (Garreaud, 2007) . Therefore, any paleoclimate proxy that is primarily controlled by precipitation changes is a potential recorder of past changes of the SWW in this region. High-accumulation rate marine sediment core GeoB3313-1 from the Chilean continental slope (41 • S, 74.45 • W) provides a mid-to-late Holocene record of rainfall variability through its iron content (Lamy et al., 2001) . Figure 1 shows the core location and illustrates the pattern of seasonal precipitation and zonal surface wind. During the austral summer, the northern margin of the SWW moves southwards and the core of the westerlies at around 50 • S intensifies. The latitudinal movement of the wind belt's northern margin results in decreased precipitation over the catchment represented by the sediment core (Fig. 1a) . Conversely, during the austral winter, the northern margin of the westerly wind belt is shifted towards the equator resulting in enhanced precipitation over the catchment represented by the sediment core (Fig. 1b) . Given the strong influence of the SWW on the precipitation pattern, the iron data from core GeoB3313-1, which primarily reflect changes in paleoprecipitation, are likely to provide information on the SWW position. A higher content of iron in the sediment core region indicates drier conditions, probably due to southward shifted SWW, whereas a lower iron concentration might be indicative of wetter conditions suggesting northward shifted SWW (Lamy et al., 2001) . In order to find a possible correlation of the iron record with Holocene solar forcing, we use reconstructions of solar activity based on 14 C (Solanki et al., 2004) and 10 Be (Vonmoos et al., 2006) . Comparison of the records suggests a possible link between the sun's radiative output and the SWW, indicating an equatorward (southward) shift of the annual mean SWW during periods of lower (higher) solar activity during the last 3000 years (Fig. 2) . Linear correlations over this time interval, calculated using the Pearson coefficient are significant for both solar reconstructions. While the correlation coefficient (r) for 14 C is relatively small (but statistically significant), the large correlation coefficient for 10 Be would suggest that ca. 20% (i.e., r 2 ) of late Holocene rainfall and hence SWW variability could be attributable to solar forcing.
Model evidence for solar-forced SWW shifts
To investigate the effect of TSI on the SWW, we carried out two sets of idealized experiments with constant and sinusoidal solar forcings using the comprehensive global climate model CCSM3 (Community Climate System Model version 3). NCAR's (National Center for Atmospheric (Solanki et al., 2004) . The time series have been linearly detrended and standardized. The bold curves show 100-year running means and the thin curves show the unsmoothed data. A lower content of iron stands for wetter conditions, suggesting northward shifted SWW (Lamy et al., 2001 ). Conversely, a higher content of iron reflects drier conditions essentially due to southward shifted SWW. Pearson correlation coefficients (r) were calculated from the unsmoothed data. 95% confidence intervals (in brackets) were calculated using a bootstrap method, where autocorrelation has been taken into account (Mudelsee, 2003) .
Research) CCSM3 is a state-of-the-art fully-coupled model, composed of four separate components representing atmosphere, ocean, land and sea-ice (Collins et al., 2006) . Here, we employed the low-resolution version described in detail by Yeager et al. (2006) . In this version, the resolution of the atmospheric component is given by T31 (3.75 • transform grid), with 26 layers in the vertical, while the ocean has a nominal resolution of 3 • (like the sea-ice component) with a vertical resolution of 25 levels.
Ensemble experiments with constant solar forcing
Model runs were carried out with constant solar forcing, with the control run having a solar constant of 1365 W m −2 and the solar sensitivity experiments with a lower solar irradiance value of 1363 W m −2 (i.e. reduction by 0.15%). Preindustrial boundary conditions were applied in all simulations following the protocol established by the Paleoclimate Modelling Intercomparison Project, Phase II (Braconnot et al., 2007) . This forcing represents the average conditions of the late Holocene before the significant impact of humans, rather than a specific date, and it accounts for concentrations of greenhouse gases (e.g. CO 2 concentration of 280 ppmv), ozone, sulphate and carbonaceous aerosols (Otto-Bliesner et al., 2006) . After a 600-year spin-up, the control simulation (Merkel et al., 2010) was run for another 150 years while three sensitivity runs with a reduced solar constant were branched off at model years 600, 640 and 680, respectively. Each sensitivity run was integrated for 70 years, which is a typical timescale for the duration of solar "Grand minima" like the Wolf (1280-1350 AD), Spörer (1450-1550 AD) or Maunder (1645-1715 AD) Minimum. Our choice of TSI reduction of 2 W m −2 between solar maximum and solar minimum in the model experiments is consistent with recent observation and physics-based estimates (Steinhilber et al., 2009) .
The three TSI sensitivity runs were branched off from very different SWW states (Fig. 3) and it could be noted from the time series of both intensity and position that the initial conditions for the different sensitivity runs were clearly different from each other and spanned the full range of ±1σ . Indices of both the intensity and position of the annual mean SWW have been defined in terms of the average and difference between the latitudes 55 • S (southern part of SWW belt) and 35 • S (northern part of SWW belt) respectively. Spectral analyses performed for both SWW indices from the control run showed no decadal or multi-decadal cycles at the 95% significance level (not shown), thus ruling out a possible influence of low-frequency variability on the SWW response to reduced solar activity. Similar results hold for seasonal analyses (not shown). Moreover, we note that the three different TSI sensitivity experiments showed similar responses to reduced solar activity despite their different initial states. Taken together, we are therefore confident that the results from our three 70-year sensitivity experiments are robust with respect to the response of the SWW to TSI reduction.
The difference between sensitivity and control run (i.e. low minus high TSI simulation for a specific 70-year interval) was calculated for each ensemble member and, subsequently, the ensemble mean was taken and subjected to statistical analyses using a Student's t-test. Figure 4a shows the 70-year-averaged annual mean zonal wind anomaly at 1000 hPa in response to lower solar activity, for the ensemble mean. The model results suggest a shift of surface wind fields towards the equator in response to TSI reduction, consistent with the interpretation of the marine iron record discussed above. Figure 4b depicts the zonally averaged annual mean zonal wind anomaly as a function of latitude and height, showing that the equatorward SWW shift takes place at all levels in the troposphere. The wind anomaly patterns exhibit opposite signs for the different seasons, i.e. for lower solar activity, the SWW experience an equatorward shift during austral summer and a poleward shift during austral winter (Fig. 5) . However, it is the austral summer pattern (December/January/February) which dominates the annual mean distribution, as can be seen by comparing Figs. 4 and 5.
An equatorward shift of the SWW should result in increased precipitation over central Chile. Since a lowresolution version of CCSM3 has been used here, local common shortcoming in most coarse-resolution climate models (Rojas et al., 2009 ). This implies that the response of the SWW is likely simulated somewhat too far north.
Experiments with sinusoidal solar forcing
In order to test if the sensitivity of the model is sufficient to detect recurring solar-forced SWW shifts and if the response is dependent on the Holocene background climate, we carried out an additional set of experiments with idealized solar forcing. Each of these idealized experiments was initialized from an orbitally forced transient Holocene run (9 kyr BP to the present day) by taking the model years having orbital forcing corresponding to 8.5 kyr BP, 5.5 kyr BP and 2.5 kyr BP, respectively (all other boundary conditions were set to the pre-industrial levels described above; an indepth analysis of the Holocene transient experiment will be the subject of a forthcoming study). From these initial conditions, the model was integrated for another 500 years to reach quasi-equilibrium for each of the three time slices. Subsequently, a sinusoidally varying solar irradiance forcing with a period of 200 years and an amplitude of 2 W m −2 was applied to the model for each time slice. The 200-year period was chosen to mimic the de Vries solar cycle, which is one of the most prominent solar cycles during the Holocene (e.g. Knudsen et al., 2009) . With 700 years of model integration having sinusoidally varying solar irradiance, it was possible to include 3.5 de Vries solar cycles in each of the three experiments. Figure 6 shows the TSI forcing along with the position of the SWW (defined in terms of the difference between the latitudes 55 • S and 35 • S which represent the southern and northern parts of the SWW belt, respectively) for the early, mid and late Holocene experiments. In each experiment, forcing and response exhibit a strikingly similar temporal pattern, i.e. higher (lower) solar activity resulted in a poleward (equatorward) shift of the SWW. The three time series of the SWW position showed a statistical correlation with TSI significant at the 95% confidence level Pearson correlation coefficients (r) were calculated after low-pass filtering using 70-year smoothing on zonal wind. 95% bias corrected bootstrap confidence intervals (in brackets) were calculated using 10 000 sub-samplings.
for centennial-scale variations. In addition, cross-spectral coherency was significant (95% level) at the period of 200 years using unsmoothed time series (not shown).
Discussion
Even though the influence and importance of the SWW on a global scale has been identified in previous studies, little is known about its variability and forcings. Correlation analysis between the GeoB3313-1 iron record and solar activity reconstructions suggests a significant influence of the sun's radiative output on the position of the SWW for the last 3000 years on a (multi-)centennial timescale. Though, for the early and mid-Holocene (i.e. prior to 3000 yr BP), the correlation based on proxy records is close to zero (not shown), the model results from the sinusoidal solar forcing experiments do not suggest a weakening of the solar influence on the SWW in the early and mid-Holocene (Fig. 6) . It is possible that this incongruity is due to dating uncertainties in the deeper section of core GeoB3313-1. We emphasize that all the proxy records used in this study are given on their own age scale, which may have adverse or positive effects on the correlation.
The climate model used in this study has a poorly resolved stratosphere and does not include feedbacks associated with the effect of enhanced variability in the ultraviolet part of the solar spectrum on photochemical dissociation rates and the subsequent impact on stratospheric ozone (Haigh, 1999; Rind et al., 2008) . Instead, applied changes in TSI mostly affect the climate system through shortwave absorption by the surface, whereas less direct heating by solar radiation takes place at higher levels of the atmosphere. Note that almost 70% of shortwave radiation that enters the atmosphere and is not reflected back to space, is absorbed at the surface (Kiehl and Trenberth, 1997 , and also in our model simulations). Therefore, the climate response in our experiment is mainly through "bottom-up mechanisms" (Meehl et al., 2009) . By contrast, a "top-down" mechanism, which influences the troposphere via stratospheric ozone responses to variations in ultraviolet radiation, has been proposed by Haigh (1996) . In her model, increase in ultraviolet radiation and resulting rise in ozone concentration, induced heating in the lower stratosphere during the Southern Hemisphere summer. As a consequence, strengthened stratosphere easterly winds caused the tropospheric subtropical westerly jets to move poleward, the tropical Hadley cell to broaden, and the SWW to move southward. "Bottom-up" and "top-down" mechanisms are not mutually exclusive. The model by Haigh (1996) used fixed sea surface temperatures and, hence, is unable to simulate "bottom-up" mechanisms that are important in our coupled climate model. We therefore suggest that the processes linking solar variability to the SWW in the two different models may complement each other, thus leading to a stronger total response than given by each individual process alone.
In order to get some insight into the "bottom-up" processes involved in our low-TSI experiment, simulated surface temperature anomalies are analyzed from the ensemble experiments with constant (70-year long) solar forcing (Fig. 7) . As expected, a general surface cooling is induced by the TSI reduction (Fig. 7a) . In addition to this general cooling, a more pronounced reduction in surface temperature is observed in the mid latitudes of, e.g., the central South Pacific sector (Fig. 7a, c, and d) . By means of general atmospheric circulation modelling and scaling arguments, it has recently been shown that a reduction of the mean global surface temperature decreases the width of the Hadley cell (Frierson et al., 2007) and shifts the eddy-driven surface westerlies that result from the balance between vertically integrated eddy momentum convergence and surface drag towards the equator . Since the reduction in TSI is only 0.15%, the global cooling effect is small and additional feedbacks are required to induce a significant change in the westerlies. One important feedback is associated with enhanced Ekman divergence and resulting upwelling (vertical velocity) around ∼40 • S in austral summer (Fig. 7b) . The upwelled cold water is transported northward in the Ekman surface layer, leading to enhanced SST cooling just north of ∼40 • S (Fig. 7c) . This cooling results in a meridional SST gradient anomaly that lies very close to (or just equatorward of) the subtropical jet. It has been shown that such an anomalous subtropical surface temperature gradient causes a strengthening of the jet along with an equatorward shift of the eddy-driven surface westerlies (Brayshaw et al., 2008; Lu et al., 2010) , thus providing a positive feedback on the initial SWW shift in our simulations.
In austral winter, the coldest surface temperature anomalies are found around Antarctica (Fig. 7d) , mainly due to increased sea-ice concentrations (up to 7%) reducing oceanatmosphere heat fluxes and increasing the surface albedo. The resulting stronger meridional surface temperature gradient at high latitudes, however, is accompanied by a poleward shift of the surface westerlies Lu et al., 2010) , due to enhanced high-latitude baroclinic wave generation. This results in a winter SWW shift that is opposite to the other seasons.
Conclusions
Evidence for a significant solar influence on climate is rapidly growing based on natural archives from the Northern Hemisphere. Proxy data from the Southern Hemisphere, however, are notoriously sparse (Versteegh, 2005) . Here, we presented proxy and model evidence that centennialscale variability in the position of the annual mean SWW has been influenced by fluctuations in solar activity at least during the past 3000 years. Periods of lower solar activity were associated with annual-mean equatorward shifts of the SWW, whereas periods of higher solar activity were linked to annual-mean poleward displacements of the SWW. Our idealized experiments with sinusoidal solar forcing show that the model response to solar forcing on the centennial time www.clim-past.net/7/339/2011/V. Varma et al.: Solar-forced shifts of the Southern Hemisphere Westerlies during the Holocene scale is a robust feature, independent of the Holocene background climate state. Based on our model evidence, as well as the proxy indication, we propose that the role of the sun in modifying Southern Hemisphere tropospheric circulation patterns has probably been underestimated in model simulations of past climate change. The potential role of solar forcing, along with feedbacks involving ocean and sea-ice dynamics, may further complicate the prediction of future SWW shifts.
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